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TESTS OF RIVETED AND WELDED JOINTS IN
LOW-ALLOY STRUCTURAL STEELS
I. INTRODUCTION
1. Object and Scope of Investigation.-Static tests of standard
control specimens have been used successfully for many years to
predict the behavior of structural members, even though it is now
recognized that they do not indicate the fatigue strength of the
members. The simplicity of static tests justifies their continued use,
however, and they are a simple means for determining the effect that
the various physical properties of different steels may have on the
behavior of structural members made from the steels. The physical
properties of a steel, for example, will quite probably affect the
tension in driven rivets and the strength of the rivets. They may also
have some effect on the ratio between the strength of standard control
specimens and that of the net section of plate in riveted joints. Static
tests, without supplementary fatigue tests, have, therefore, been used
in this investigation of low-alloy structural steels.
The object of the investigation described in this bulletin was to
determine the properties of three low-alloy structural steels, furnished
in accordance with A.S.T.M. Tentative Specifications A242-41T, and
to determine the behavior of structural joints fabricated of these steels.
The steels have been designated as low-alloy A, low-alloy B, and
low-alloy C. The plates and rivets of a riveted joint were of the same
kind of steel in each instance. Tests were made to determine the
following: The chemical composition and physical properties of the
materials; the initial tension, tensile strength, hardness, and shearing
strength of driven rivets; the strength of plates without joints, of
joints in plates fabricated by riveting, and of joints in plates fabri-
cated by welding. Metallurgical studies were also made to determine
grain sizes and hardness values of the rivets, plates, and welds.
Parallel tests were made of the three steels.
2. Acknowledgments.-The investigation described in this bulletin
resulted from a cooperative agreement entered into by the Engineer-
ing Experiment Station of the University of Illinois, of which Dean
M. L. ENGER is the Director, and the American Bridge Company, of
which CHARLES F. GOODRICH is the Chief Engineer. The Carnegie-
Illinois Steel Corporation also collaborated in the investigation. This
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TABLE 1
CHEMICAL COMPOSITION OF Low-ALLOY STRUCTURAL STEELS
Thick- Composition
ness Heat
in No.
Inches C Mn P S Si Cu Ni Cr
Low-Alloy Steel A Plates
1 144 533 0.194 0.494 0.007 0.033 0.012 0.78 1.900
% 66 216 0.179 0.437 0.011 0.031 0.068 0.76 1.720
% 154 564 0.225 0.459 0.009 0.031 0.076 0.79 1.930
¼ 154 564 0.208 0.497 0.011 0.032 0.068 0.79 1.900
Average 0.202 0.472 0.009 0.032 0.056 0.78 1.862
Low-Alloy Steel A Rivets
1 253 473 0.154 0.516 0.010 0.033 0.012 1.820
1 253 473 0.185 0.508 0.008 0.032 0.013 0.89 1.860
Average 0.169 0.512 0.009 0.033 0.013 0.89 1.840
Low-Alloy Steel B Plates
1 50 035 0.094 0.395 0.088 0.040 0.290 0.40 0.550 0.767
S 45 167 0.097 0.411 0.090 0.035 0.339 0.37 0.500 0.637
S 164 681 0.109 0.442 0.085 0.033 0.357 0.43 0.550 0.678
V 164 681 0.113 0.444 0.095 0.035 0.365 0.42 0.530 0.697
Average 0.103 0.423 0.089 0.036 0.338 0.41 0.533 0.695
Low-Alloy Steel B Rivets
1 50 025 0.087 0.371 0.092 0.032 0.307 0.550 0.775
1 50 025 0.089 0.371 0.093 0.030 0.307 0.38 0.550 0.793
Average 0.088 0.371 0.093 0.031 0.307 0.38 0.550 0.784
Low-Alloy Steel C Plates
1 32 021 0.261 1.209 0.016 0.029 0.175 0.29 0.520
/S 52 097 0.232 1.428 0.017 0.030 0.167 0.36 0.710
5a 224 697 0.205 1.379 0.018 0.031 0.161 0.30 0.520
Y 224 697 0.202 1.392 0.013 0.034 0.170 0.30 0.540
Average 0.225 1.352 0.016 0.031 0.168 0.31 0.572
Low-Alloy Steel C Rivets
1 55 087 0.232 1.481 0.013 0.032 0.183 0.510
1 55 087 0.189 1.458 0.013 0.030 0.185 0.25 0.530
Average 0.210 1.470 0.013 0.031 0.184 0.25 0.520
Corporation and the American Bridge Company produced the steel,
fabricated the specimens, and furnished the funds with which to pay
the direct cost of the tests.
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TABLE 2
TENSILE PROPERTIES OF PLATE MATERIAL FROM TESTS OF
CONTROL SPECIMENS
Kind of
Steel
Low-alloy
steel A
Low-alloy
steel B
Low-alloy
steel C
Speci-
men
No.
XA1
XA2
XA3
XA4
XA5
XA6
XB1
XB2
XB3
XB4
XB5
XB6
XC1
XC2
XC3
XC4
XC5
XC6
Heat
No.
144 533
66 216
154 564
154 564
154 564
154 564
50 035
45 167
164 681
164 681
164 681
164 681
32 021
52 097
224 697
224 697
224 697
224 697
Thick-
ness
in.
1
Avera
1
Avera
Y2
Tensile Strength
lb. per sq. in.
Yield Point*
49 750
48 750
51 100
56 700
47 200
48 100
ge 50 270
43 600
46 000
44 500
49 000
53 300
52 700
ge 48 200
47 600
50 900
51 300
54 800
50 700
Average 51 060
Ultimate
69 800
69 800
76 800
78 200
72 900
73 800
73 500
64 200
67 200
67 700
70 700
74 400
75 300
69 900
79 500
86 300
80 700
82 400
84 300
83 000
82 700
Elonga-
tion in
8-in.
per cent
29.2
24.9
25.9
26.5
24.8
26.3
33.8
30.9
30.0
30.9
28.1
25.4
29.8
29.2
22.8
25.1
22.8
23.8
23.6
24.6
Reduc-
tion of
Area
per cent
55.4
45.6
53.5
50.7
53.9
59.3
53.1
69.4
66.7
63.5
61.0
60.3
64.0
64.1
64.8
57.1
61.8
57.8
56.7
52.8
58.5
*From drop of beam at pulling speed 0.05 in. per min.
tNo drop of beam; see stress-strain diagram, Fig. Ic.
II. PROPERTIES OF THE MATERIALS
3. Chemical Composition.-The chemical compositions of the low-
alloy structural steels, as determined by a check analysis made at the
University, are given in Table 1.
4. Physical Properties.-The tensile properties of the plate ma-
terials, as determined from tension tests of standard control specimens
cut from the same parent plates as the plates for the riveted and
welded joints, are given in Table 2. The control specimens were 1½ in.
wide over the reduced portion for all plate thicknesses. Stress-strain
diagrams for one specimen of each plate thickness and each kind of
steel are given in Fig. 1.
The tensile properties of the rivet material were determined from
tests of round %-in. diameter control specimens cut from rivet rods
from the same heats as the rivets of the riveted joints. One group of
tests was made on the steel in the as-rolled condition and another on
steel that had been annealed at 1600 degrees for one-half hour and
cooled in the furnace. The results of the tests are given in Table 3.
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FIG. 1. STRESS-STRAIN DIAGRAMS FOR PLATES OF Low ALLOYS A, B, AND C
Stress-strain diagrams are given in Fig. 2 for the steels in the as-rolled
and in the annealed conditions, respectively.
Tests were made to determine the shearing strength of undriven
rivets from the same heat as the rivets used in the joints to be tested.
The apparatus used is shown in Fig. 3. Rivets were tested in both
single and double shear. The results of the individual tests are given
in Table 4. The low-alloy A and low-alloy B rivets had very nearly
the same shearing strength, but the low-alloy C rivets were approxi-
mately 10 per cent stronger than either of the others. The unit strength
was uniformly somewhat less in double than in single shear.
The ratio of the strength in single shear to the strength in tension
had values of 0.67, 0.73, and 0.69 for the undriven low-alloy A, low-
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TABLE 3
TENSILE PROPERTIES OF RIVET MATERIAL IN AS-ROLLED AND IN
ANNEALED CONDITIONS
All rivets of the same steel were from the same heat
Rivet Spec-
Steel imenNo.
Low-alloy 2
steel A 3
Averag
Low-alloy 2
steel B 3
Yield Point*
lb. per sq. in.
RoAld Annealed
53 500 52 000
52 000 51 800
53 500 53 250
e 53 000 52 350
49 400 42 600
48 600 42 600
49 300 43 500
~seae'oI U 00
Average 4 100L 42 900
1 54 500 50 000
Low-alloy 2 52 800 49 900
steel C 3 54 000 47 300
Average 53 770 49 070
Ultimate Streneth Elongation in 2-in.
lb. per sq. in.
RoAsd Annealed
75 400 74 200
74 400 74 250
74 400 73 900
74 730 74 120
69 000 65 400
69 000 65 600
S69 300 65 800
S69 100 65 600
81 500 76 500
81 500 76 000
81 500 76 500
81 500 76 330
per cent
edAs- Annealed
Rolled
35.0
34.5
33.5
34.3
42.5
42.5
42.5
42.5
35 5
36.0
36.0
35.0
35.7
40.5
41.5
40.5
40.8
34 5
36.0 37.0
36.5 37.5
35.7 36.7
Reduction of Area
per cent
As-
Rolled
63.0
64.0
63.0
63.3
75.1
73.5
74.6
74.4
70.8
71.2
71.5
71.2
Annealed
55.3
56.5
56.0
55.9
71.3
70.0
72.4
71.2
70.0
69.5
70.0
69.8
*From drop of beam at a pulling speed of 0.09 in. per min. For details of specimens see Fig. 2.
alloy B, and low-alloy C rivets, respectively. For the strength in
double shear, the corresponding ratios were 0.65, 0.69, and 0.66, re-
spectively. The ratio of the strength in single shear to the strength
in double shear had values of 1.03, 1.06, and 1.05, respectively, for
the three alloys.
Tests of carbon-steel and manganese-steel rivets, reported in
Bulletin 302, gave a strength in single shear of 46 280 and 66 260 lb.
per sq. in. for carbon-steel and manganese-steel rivets, respectively.
The same series of tests gave a strength in double shear of 42 140 and
54 520 lb. per sq. in. for rivets of the same materials. The ratio of the
strength in single shear to the strength in tension had values of 0.80
and 0.83 for carbon-steel and manganese-steel rivets, respectively.
For the strength in double shear the corresponding ratios were 0.73
and 0.67, respectively. The ratio of the strength in single shear to the
strength in double shear had values of 1.10 and 1.21 for the same steels.
III. TESTS OF JOINTS
5. Initial Tension in Rivets.-The initial tension in a number of
rivets was determined by measuring the recoverance in the length of
the rivets that occurred when the tension was relieved. The members
that contained the rivets to be tested are shown in Fig. 4a. There
~------
I
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FIG. 3. APPARATUS FOR SHEAR TESTS OF UNDRIVEN RIVETS
were six of these members; the 1-in. rivets in Al, BI, and C1 were
driven with a pneumatic hand riveting hammer, and those in A2, B2,
and C2 were driven with a hydraulic riveting machine. Specimens Al
and A2 were made of low-alloy steel A, B1 and B2 of low-alloy steel B,
TABLE 4
SHEARING STRENGTH OF UNDRIVEN RIVETS
Specimens were full-size rivets
Shearing Strength, lb. per sq. in.
Low-Alloy Steel A Low-Alloy Steel B Low-Alloy Steel C
50 530 49 830 60 200
47 220 49 850 58 890
50 610 50 220 55 950
Single shear 50 970 50 220 54 980
50 470 50 600 55 620
51 310 50 100 56 000
Average 50 180 50 130 56 940
48 660 45 100 55 190
48 950 45 800 54 610
48 750 47 750 54 710
Double shear 48 460 49 000 53 460
48 590 48 100 54 030
48 400 48 300 54 620
Average 48 640 47 340 54 440
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FIr. 4. SPECIMENS USED IN VARIOUS STUDIES OF RIVETS
FIG. 5. RIVET PREPARED FOR INITIAL-TENSION TEST
and C1 and C2 of low-alloy steel C. The rivets and plates of each
member were of the same material in each instance. Nine specimens,
each containing a single rivet, were cut from the right-hand end of
each member, as indicated by the broken lines of Fig. 4a. The grip
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FIG. 6. INSTRUMENT FOR MEASURING RECOVERANCE OF RIVETS
of the rivets was 5 in. for 3 rivets, 3 in. for 3 rivets, and 2 in. for the
remaining 3.
Figure 5 shows a specimen prepared for the test to determine the
initial tension. A hardened steel pin extended through a hole in each
head and fitted tight in a hole in the end of the rivet shank in such
a manner that the pin moved with the end of the shank. There was a
small hole in the outer end of each pin that received a conical point
of the instrument used to measure the recoverance of the rivet. The
instrument was counterweighted so as to balance on the conical point
in the upper pin, as shown in Fig. 6. The dial was graduated to 0.0001
in., and the instrument was checked against a standard bar after each
set of readings. The specimen, standard bar, and instrument were
placed near each other in a constant-temperature room several hours
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TABLE 5
INITIAL TENSION IN RIVETS
Initial Tension, lb. per sq. in.
Specimen Grip
No. in.
Low-Alloy Steel A Low-Alloy Steel B Low-Alloy Steel C
Driven With a Pneumatic Hand Riveting Hammer
1 2
2 1 500 0 000
3 3 750 12 600
4 0 000 13 950
5 13 050 1 500
6 7 050 3 450
Average 5 070 6 300
Per cent of yield point 9.5 12
4 3 20 100 23 000
5 25 600 23 000
6 28 100 28 300
Average 24 600 24 770
Per cent of yield point 46.4 50
7 5 40 860 37 500
8 40 320 32 700
9 42 540 33 660
Average 41 240 34 620
Per cent of yield point 77.9 70
Driven With a Hydraulic Riveting Machine
4
5
6
7
8
9
11 100
7 300
21 900
1 400
18 750
12 300
12 100
Per cent of yield point 22.8
3 16 900
23 000
20 400
Average 20 100
Per cent of yield point 37.9
5 28 860
38 580
29 700
Average 32 380
Per cent of yield point 61.1
15 000
22 200
13 700
9 900
22 050
20 400
17 210
35.0
20 000
18 900
26 400
21 770
44.3
29 160
4 740
26 820
20 240
41.3
9 450
7 050
12 150
5 250
6 300
4 850
7 510
14.0
16 000
9 900
18 100
14 670
27.2
33 960
32 220
24 060
30 080
55.9
before readings were taken in order to eliminate as far as possible
errors due to temperature changes.
The procedure in a test was as follows: The length, out-to-out
of pins, was measured for a group of rivets. The tension in each rivet
was then released by putting the specimen in a lathe and either turn-
ing off the flange of the rivet head or cutting out the plate under one
head, the latter plan being followed if the rivet was to be tested later
for tensile strength. The specimens were stored in the constant-temper-
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Rivet Gr1/ in /nches
FIG. 7. RELATION BETWEEN INITIAL TENSION AND GRIP OF RIVETS
ature room for several hours and the length out-to-out of pins was
again measured. The change in length out-to-out of pins was the
recoverance of the rivet in a length equal to the grip. This recover-
ance was reduced to stress on the basis that E = 30 000 000 lb.
per sq. in.
The instrument used for measuring the recoverance of the rivets
with a 2-in. grip did not function satisfactorily, and, as the recover-
ance of most of the rivets was less than 0.001 in., the results were un-
satisfactory. In fact, the readings indicated that some of the rivets
actually increased in length. For this reason, a second series of rivets
with a 2-in. grip were driven and their initial tension was measured.
The specimens used for the second series are shown in Fig. 4b. They
differed from the original series in that, although the rivets were of
the various alloys, the plates were all carbon steel. It is believed the
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composition of the plates had no influence upon the tension in the
rivets. Although the results of the tests of the original series of rivets
with a 2-in. grip evidently contained inaccuracies and have not been
included in this report, the averages were of the same order as the
averages of the second series, which have been reported.
The results of the tests are given in Table 5 and Fig. 7. The vari-
ables included three kinds of rivet steel, low-alloy steels A, B, and C,
two methods of driving, pneumatic hand riveting hammer and hydrau-
lic riveting machine, and three grips, 2-, 3-, and 5-inch. The diagrams
of Fig. 7 show the relation between the grip of the rivets and the
ratio of the initial tension to the yield point of the rivet steel in the
as-rolled condition.
The tests indicated that the initial tension was considerably greater
for rivets with a 5-in. grip than for those with a 3-in. grip* and that
it was much greater for rivets with a 3-in. grip than for those with a
2-in. grip. In fact, there was but little tension in the rivets with
a 2-in. grip.
The average values of the initial tension in the carbon-steel and
manganese-steel rivets of Bulletin 302, expressed in lb. per sq. in.,
were as follows:
Carbon-Steel Rivets Manganese Steel-Rivets
Method of Driving
3-in. Grip 5-in. Grip 3-in. Grip 5-in. Grip
Pneumatic hand riveting hammer 28 930 33 930 23 700 37 280
Hydraulic riveting machine. 31 900 35 980 20 030 38 730
Some explanation would seem to be in order as to why short
rivets have a lower initial tension than long ones. The tension is at-
tributed to the shrinkage that accompanies the cooling of the rivet.
If the length of the rivet under the heads remained constant, the
tension due to cooling a given amount would be independent of the
length. But the length of the shank decreases as the tension increases
due to the closer compacting of the plates, due to shear detrusion of
the rivet heads, and to other causes. All of these factors are inde-
pendent of the length, and their effect in decreasing the unit tension
is greater for short than for long rivets. A difference between two
steels in the stress-strain relation, or in the thermal coefficient of ex-
*The only exception to this is in the case of the low-alloy B rivets with a 5-in. grip that
were driven with a hydraulic riveting machine. Because one rivet of the group had a low
initial tension, the average was less than for the rivets with a 3-in. grip.
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FIc. 8. PULLING CLAMPS FOR TESTING DRIVEN RIVETS IN TENSION
pansion at temperatures below the temperature of the rivets at the end
of driving, might account for at least some of the difference between
the tensions in the rivets of various steels.
6. Tensile Strength of Driven Rivets.-After the tests to determine
the initial tension in the rivets, described in Section 5, had been com-
pleted the same specimens were used in tests to determine the tensile
strength of driven rivets. One outside plate of each specimen was
partially machined away, and the resulting specimen was gripped by
the special pulling clamps shown in Fig. 8.
The results of the tests are given in Table 6. Two sets of values
are reported for the tensile strength, one based on the nominal and
the other on the actual diameter of the rivets. The elongation was
measured on the pins provided for determining the initial tension, and
was for a length equal to the grip of the rivet. The variables include
three rivet materials, two methods of driving, and two grips of rivets,
as indicated in the table.
The fractures of the driven rivets are shown in Figs. 9, 10, and 11
for the low-alloy steels A, B, and C, respectively. All rivets except
A2-5, Fig. 9b, B2-5, Fig. 10b, and C2-4, Fig. 11b, had typical cup
fractures. Specimen A2-5 was notched with the lathe tool when the
outside plate was cut away and this affected the character of the frac-
ture. The shank pulled out of the head of B2-5. The head was slightly
eccentric and this reduced the shear area in the head somewhat. The
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TABLE 6
TENSILE PROPERTIES OF MATERIAL IN DRIVEN RIVETS
Tests were made on rivets as driven. See Fig. 8.
Ultimate Strength, Based on
c Grip of Diameter Elongation ReductionSpecimen Rivets of Rivet in* of Area
in. in. Nominal Actual per cent per cent
Diameter Diameter
Low-Alloy Steel A Rivets Driven With Pneumatic Hand Riveting Hammer
Al-4 3 1.05 87 200 79 200 15.2 61.7
A1-5 3 1.05 85 600 77 600 13.6 59.3
A1-6 3 1.05 88 200 80 100 13.6 60.5
Average 1.05 87 000 79 000 14.1 60.5
A1-7 5 1.04 80 800 74 800 17.6 63.3
A1-8 5 1.03 86 800 81 700 18.4 63.9
A1-9 5 1.03 83 700 78 800 20.8 68.5
Average 1.03 83 800 78 400 18.9 65.2
Low-Alloy Steel B Rivets Driven With Pneumatic Hand Riveting Hammer
B1-4 3 1.04 89 100 82 500 17.3 64.3
B1-5 3 1.03 87 600 82 600 17.7 64.0
B1-6 3 1.03 93 200 87 700 18.8 64.0
Average 1.03 89 900 84 300 17.9 64.1
B1-7 5 1.02 80 800 77 700 19.8 67.8
B1-8 5 1.02 83 100 79 800 20.8 66.5
B1-9 5 1.02 82 700 79 400 19.8 64.3
Average 1.02 82 200 79 000 20.1 66.2
Low-Alloy Steel C Rivets Driven With Pneumatic Hand Riveting Hammer
C1-4 3 1.04 98 200 90 900 13.6 63.2
C1-5 3 1.03 98 400 92 800 13.1 62.3
C1-6 3 1.02 97 500 93 900 15.9 60.5
Average 1.03 98 000 92 500 14.2 62.0 "
C1-7 5 1.02 93 400 89 800 16.7 66.1
C1-8 5 1.00 93 000 93 000 16.0 62.8
C1-9 5 1.02 95 400 91 700 18.2 62.0
Average 1.01 93 900 91 400 16.9 63.6
Low-Alloy Steel A Rivets Driven With Hydraulic Riveting Machine
A2-4 3 1.05 104 000 94 300 13.6 53.0
A2-5 3 1.06t . .... ...
A2-6 3 1.04 101 000 93 400 15.0 48.0
Average 1.05 102 500 93 850 14.3 50.5
A2-7 5 1.04 88 800 82 000 17.2 64.5
A2-8 5 1.02 91 700 88 200 15.6 65.4
A2-9 5 1.05 87 300 82 400 15.8 60.5
Average 1.04 89 200 84 200 16.2 63.4
*In length equal to grip.
tNotched specimen; see Fig. 9b.
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TABLE 6 (CONCLUDED)
TENSILE PROPERTIES OF MATERIAL IN DRIVEN RIVETS
Tests were made on rivets as driven. See Fig. 8.
S Grip of Diameter Ultimate Strength, Based on Elongation Reduction
pecimen Rivets of Rivet in* of Area
. in. in. Nominal Actual per cent per cent
Diameter Diameter
Low-Alloy Steel B Rivets Driven With Hydraulic Riveting Machine
B2-4 3 1.06 97 300 86 700 20.5 62.0
B2-5 3 1.05t . .......
B2-6 3 1.06 103 000 92 000 18.3 61.8
Average 1.06 100 100 89 300 19.4 61.9
B2-7 5 1.07 88 200 77 000 19.4 63.9
B2-8 5 1.06 82 300 73 300 16.4 63.4
B2-9 5 1.06 89 100 79 300 18.6 65.8
Average 1.06 86 500 76 500 18.1 64.3
Low-Alloy Steel C Rivets Driven With Hydraulic Riveting Machine
C2-4 3 1.05 115 000 103 500 14.2 54.6
C2-5 3 1.05 105 000 94 300 17.6 65.4
C2-6 3 1.05 112 000 101 500 16.9 60.6
Average 1.05 110 600 99 700 16.2 60.2
C2-7 5 1.02 108 000 103 500 12.0 56.0
C2-8 5 1.03 103 000 97 000 17.4 55.3
C2-9 5 1.03 101 000 95 200 16.4 60.3
Average 1.03 104 000 98 600 15.2 57.2
*In length equal to grip.
tShank pulled out of rivet head; see Fig. 10b.
cause of the unusual fracture of C2-4 is not apparent. Its strength is
a little greater and the elongation and reduction of area are both a
little less than for other rivets of the group. In all cases, however, the
increase in strength of the rivets was accompanied by some reduction
of their ductility, but there were no brittle fractures for any of the
driven rivets tested in tension. The specimens cut from rivet rods
gave a definite drop of the beam, but none of the driven rivets gave
any drop of the beam.
The tests of carbon-steel and manganese-steel rivets, reported in
Bulletin 302, gave average tensile strengths in lb. per sq. in. as follows:
Carbon-Steel Rivets Manganese-Steel Rivets
Method of Driving
3-in. Grip 5-in. Grip 3-in. Grip 5-in. Grip
Undriven 57 620 57 620 79 750 79 750
Pneumatic hand riveting hammer 68 390 65 340 95 365 88 280
Hydraulic riveting machine 67 770 66 430 94 370 91 460
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FIG. 9. FRACTURES OF DRIVEN LOW-ALLOY A RIVETS
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FIG. 10. FRACTURES OF DRIVEN LOW-ALLOY B RIVETS
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FIG. 11. FRACTURES OF DRIVEN Low-ALLoY C RIVETS
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.pecimens A4, J, •Y L Spec/mens AS, BS CS
(a)-Rivefs in Sp/e'/e Shear 32_ -?-i
One-inch rivefs driven wifh h'd/rau//c Pae P/a
rivetig ma'c/7ine. Specimens A6, B6, C6
Three /a'en//ca/ 6specimens cuf from _________
es atrer rivets were dr/ven. "Pl/te' 'T N 'P/afes
=Low-A//oy A. = Low-A//oy B Specimens A?, 87, C7
C=Low-Alloy C (b)-Rivefs in Doub/e Shear
FIG. 12. JOINTS WITH RIVETS IN SINGLE SHEAR AND WITH RIVETS IN
DOUBLE SHEAR DESIGNED TO FAIL IN THE RIVETS
TABLE 7
SHEARING STRENGTH OF DRIVEN RIVETS IN SINGLE SHEAR
1-in. rivets driven with a hydraulic riveting machine; grip 1 4 -in.
Specimen
No.
A3-1
A3-2
A3-3
C3-1
C3-2
C3-3
Shear on Rivets, lb. per sq. in., Based on
Nominal Diameter
66 280
62 300
63 170
Average 63 920
64 220
64 780
65 470
Average 64 820
73 460
79 800
74 630
Average 75 960
Diameter of Hole
58 710
55 190
55 960
56 620
56 890
57 380
57 990
57 420
65 070
70 690
66 110
67 290
p/afIe
A=
Material
Low-alloy steel A
Low-alloy steel B
Low-alloy steel C
~
^ ^~ ~^ '^^
fes
I
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TABLE 8
SHEARING STRENGTH OF DRIVEN RIVETS IN DOUBLE SHEAR
1-in. rivets driven with a hydraulic riveting machine
Low-Alloy Steel A Rivets
A7-1 66 600*
A7-2 1% 65 400*
A7-3 66 730*
Average 66 200*
A6-1 64 140
A6-2 3% 64 600
A6-3 64 540
Average 64 400
A5-1 60 360
A5-2 5% 61 460
A5-3 60 870
Average 60 900
58 700*
57 100
53 800
Low-Alloy Steel B Rivets
B7-1
B7-2
B7-3
B6-1
B6-2
B6-3
B5-1
B5-2
B5-3
61 900*
1% 60 080*
61 500*
Lverage 61 160*
62 070*
3%5  61 900*
62 070*
Lverage 62 000*
60 480*
5% 59 720*
61 500*
Average 6U 600'
54 200*
54 900'
53 700'
ear on Rivets
>. per sq. in.
Based on
ninal Diameter
aeter of Hole
Low-Alloy Steel C Rivets
C7-1 71 460*
C7-2 1% 71 730*
C7-3 72 190
Average 71 800*
C6-1 72 260*
C6-2 3% 71 300*
C6-3 71 900*
Average 71 800*
C5-1 70 220
C5-2 5% 70 420
C5-3 70 070
Average 70 200
63 600*
63 600*
62 200
*Rivets did not fail; shearing strength was as great as or a little greater than the values listed.
Driving these rivets increased their strength but caused some de-
crease in their ductility. The driven carbon-steel rivets had a well-
defined yield point, but there was no drop of the beam during the tests
of the manganese-steel rivets.
7. Shearing Strength of Driven Rivets.-The shearing strength of
driven rivets was determined from tests of small riveted joints each
containing four 1-in. rivets driven with a hydraulic riveting machine.
The rivets were in single shear for the specimens shown in Fig. 12a, and
in double shear for those shown in Fig. 12b. The three identical speci-
mens of each kind of plate material were riveted as a unit and then
cut into individual specimens to facilitate driving the rivets, as shown
in Fig. 12. All of the specimens shown in Fig. 12b were alike insofar
as shearing action was concerned but the grip of the rivets was
greater for A5, B5, C5, A6, B6, and C6 than it was for A7, B7, and C7,
the extra grip being obtained by adding packing plates outside of the
main plates. All of the specimens shown in Fig. 12b were designed to
fail in the rivets, but some failed in the plates, so that all that is known
about the strength of the rivets of the latter is that the shear exceeded
the values corresponding to the loads at which the plates failed.
The strength of the single-shear rivets is given in Table 7, and the
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TABLE 9
COMPARISON OF SHEARING STRENGTH OF DRIVEN AND UNDRIVEN RIVETS
Shearing Strength of Driven Rivets
lb. per sq. in., Based on Shearing Strength
Kind of Grip of of Undriven
Shear Rivets Rivets
in. Nominal Diameter lb. per sq. in.
Diameter of Hole
Low-Alloy Steel A Rivets
Single 1% 63 920 56 620 50 180
Double 1 66 200* 58 700* 48 640
Double 3 Y 64 400 57 100 48 640
Double 5s 60 900 53 800 48 640
Low-Alloy Steel B Rivets
Single 1 64 820 57 420 50 130
Double 1 61 160" 54 200* 47 340
Double 3% 62 000* 54 900* 47 340
Double 5% 60 600* 53 700* 47 340
Low-Alloy Steel C Rivets
Single 1 1  75 960 67 290 56 940
Double 1% 71 800* 63 600* 54 440
Double 3% 71 800* 63 600* 54 440
Double 5% 70 200 62 200 54 440
Values listed are average values from Tables 7 and 8.
*Values marked with an asterisk (*) are from specimens that failed in the plate.
strengths for these are as great as, or somewhat greater than, the values given.
Tests were made on full-size driven and undriven rivets.
The true shearing
strength of the double-shear rivets is given in Table 8. Two values
of the unit shear are given; one is based on the nominal diameter of
the rivet, and the other on the nominal diameter of the hole, 61 in.
greater than the nominal diameter of the rivet.
The shearing strengths of driven and undriven rivets are compared
in Table 9. It is of interest to note that the unit shearing strength
is significantly greater for the driven than for the undriven rivet,
even when the former is based upon the area of the rivet hole. When
the unit shearing strength is based upon the nominal diameter of
the rivet, the difference amounts to from 25 to 30 per cent. When the
unit shear is based upon the diameter of the hole, the ratio of the
strength in single shear of driven rivets to that of undriven rivets
had values of 1.13, 1.15, and 1.18 for the low-alloy steels A, B, and C,
respectively.
8. Hardness of Driven Rivets. Tests were made to determine the
hardness of various parts of driven rivets to obtain the hardening
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(b)
FIG. 13. LONGITUDINAL SECTION OF 1-IN. LOW-ALLOY A RIVETS WITH 5-IN. GRIP
effect upon the various alloys of the plastic flow which occurred when
the rivet was driven.
The left-hand portions of the members shown in Fig. 4a were used
in the hardness tests. The material was planed away to the middle
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(b)
FIG. 14. LONGITUDINAL SECTION OF 1-IN. LOW-ALLOY B RIVETS WITH 5-IN. GRIP
of the rivets, and Brinell readings were taken at various locations, as
shown in Figs. 13, 14, and 15. Rivets in specimens Al, B1, and C1 of
these figures were driven with a pneumatic hand riveting hammer, and
those in specimens A2, B2, and C2 were driven with a hydraulic rivet-
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FIG. 15. LONGITUDINAL SECTION OF 1-IN. LoW-ALLOY C RIVETS WITH 5-IN. GRIP
ing machine. The Brinell numbers are given in the figures adjacent
to the Brinell imprints from which they were determined.
The average Brinell numbers for each of the three regions, shank
near manufactured head, shank near driven head, and middle of shank,
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TABLE 10
BRINELL HARDNESS NUMBERS FOR DRIVEN RIVETS WITH 5-IN. GRIP
Average Brinell Numbers of Rivets Driven With
Region Where
Hardness Was Rivet Pneumatic Hand Riveting Hammer Hydraulic Riveting Machine
Measured No.
Low-Alloy Low-Alloy Low-Alloy Low-Alloy Low-Alloy Low-Alloy
Steel A Steel B Steel C Steel A Steel B Steel C
Shank near 1 170 172 191 198 180 208
manufactured 2 169 174 194 177 185 217
head 3 169 176 190 190 181 212
Average 169 174 192 188 182 212
1 178 155 206 206 179 217
Shank near 2 163 163 204 181 190 221
driven head 3 174 168 196 192 184 217
Average 172 162 202 193 184 218
1 177 152 187 171 158 183
Middle of 2 166 161 192 178 161 187
shank 3 170 161 186 179 161 191
Average 171 158 188 176 160 187
Difference between hardness
at the middle and at the ends 0 10 9 14 23 28
of the shank for driven rivets
Difference between hardness
at ends of shanks of driven 25 36 43 44 51 61
rivets and hardness of un-
driven rivets
Hardness of undriven rivets, average of three tests: low-alloy steel A, 146; low-alloy steel B, 132;
low-alloy steel C, 154.
are given in Table 10 for the three kinds of steel. The first specimen
tested for hardness was Al-10, shown in Fig. 13a, and some of the
imprints near the end of the shank were taken too near the edge of
the shank. The resulting low values, 132, 158, and 146, were not in-
cluded in the averages.
The differences between the average value of the hardness at the
two ends and at the middle of the shank of the driven rivets are given
at the bottom of Table 10. The differences between the hardness at
the ends of the shanks of the driven rivets and the hardness of the
shanks of undriven rivets are also given.
The data in Table 10 indicate that the hardness had approximately
the same value at the two ends of the shank, and that the hardness
was only slightly greater near the ends than at the middle. The in-
crease in hardness due to riveting was consistently greater for rivets
driven with a hydraulic riveting machine than for those driven with
a pneumatic hand riveting hammer, and it was greatest for low-alloy
steel C and least for low-alloy steel A rivets.
The hardness was also measured on the machine-driven rivets of
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TABLE 11
BRINELL HARDNESS NUMBERS FOR DRIVEN RIVETS WITH 14-IN. GRIP
Low-Alloy Steel A Rivets
Shank
6«-in. %-in.
From Section
of Failure
236 192
235 202
236 194
251 207
244 223
249 213
232 204
237 195
232 193
254 195
232 221
251 215
242 199
236 185
237 193
223 199
232 189
228 196
226 196
227 191
218 194
234 193
225 205
242 217
227 192
222 191
228 200
236 205
236 197
227 204
Max. 254 223
Av. 235 200
Min. 218 185
Max.-
Min. 36 38
At
Face
of
Head
166
166
168
192
192
192
164
171
166
189
187
188
182
180
174
166
161
165
166
170
161
172
165
166
176
179
175
181
183
180
192
175
161
31
Low-Alloy Steel B Rivets
Shank
'e-in. %-in.
From Section
of Failure
240 183
240 190
235 193
236 175
231 183
235 172
252 194
251 200
241 186
237 179
236 183
231 193
237 192
247 204
245 202
236 199
226 212
240 213
245 203
236 200
244 202
229 185
231 182
221 177
244 209
248 203
240 195
225 193
228 181
225 192
252 213
237 193
221 172
31 41
At
Face
of
Head
168
167
166
161
161
159
172
175
172
165
165
166
182
183
184
173
172
174
183
194
192
159
164
161
195
199
194
172
168
165
199
173
159
40
Low-Alloy Steel C Rivets
Shank
}i-in. %I-in.
Prom S ction
of Failure
252 225
266 224
252 234
244 195
235 209
249 208
252 242
254 227
277 247
252 225
252 214
273 210
258 235
252 222
269 225
248 232
239 213
234 222
266 178
259 179
245 180
249 231
251 209
261 218
273 221
256 209
273 247
273 231
261 226
240 205
277 247
256 218
234 178
43 69
At
Face
of
Head
213
202
197
192
194
192
187
196
204
189
196
185
194
208
223
206
183
183
196
185
203
193
190
192
194
209
205
217
203
207
223
198
183
40
the joints shown in Fig. 12a, which failed by rivet shear. These rivets
had a short grip as distinguished from the rivets shown in Fig. 4, which
had a long grip. Supplementary to the main series of tests, a number
of half-rivets resulting from the failure of the joints were machined
away similar to those shown in Fig. 13, and hardness readings were
taken along the longitudinal center line with a Vickers-type machine.
These readings showed that the rivets were considerably harder ad-
jacent to the plane of fracture than at points a short distance there-
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(a)-D/7'ns'/o7ns of" Sp'cimens (b)-Locaf/,'n of Gag'e L/es
FIG. 16. SPECIMENS AND LOCATION OF GAGE LINES FOR TENSILE TESTS OF
PLATES WITHOUT JOINTS
from, but that there was no significant falling off in the hardness
beyond the plane y in. from the fracture. The two halves of fifteen
rivets of each of the three kinds of steel were chosen at random for
the main series of tests. Each half-rivet was put into a lathe and the
end of the shank machined away 1% in., thereby removing the material
in the immediate vicinity of the shear fracture. The half-rivet was
then placed in a holder, specially prepared for the purpose, which held
it firmly while the Brinell imprint was being made. After the test just
described had been completed, the half-rivet was again put into the
lathe, an additional %~ in. was machined from the end of the shank,
and the Brinell readings were taken on the new surface. The rivet
was put into the lathe a third time, and the remainder of the shank
was machined off, leaving a smooth surface of the shank flush with
the face of the rivet head; the Brinell reading was then taken on
this surface. Three Brinell imprints were made on each of the three
sections of each half-rivet, and the averages of three readings were
reported.
The results of the tests are shown in Table 11, the hardness on the
various sections being listed separately. Values of the average, maxi-
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N.
1.
Strain i/n /nches per /nch
FIG. 17. STRESS-STRAIN DIAGRAMS FOR PLATE WITHOUT JOINTS. Low
ALLOYS A, B, AND C
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TABLE 12
TENSILE STRENGTH OF 41-IN. PLATES WITHOUT JOINTS
Plates %-in. thick
Tensile Strength, lb. per sq. in. Elontion in Reductn of
Yield Point* Ultimate per cent per cent
Low-Alloy Steel A
A8-1 47 100 69 500 32.9 39.7
A8-2 46 200 68 400 31.3 41.8
A8-3 47 600 69 400 32.1 39.1
Average 47 000 69 100 32.1 40.2
Low-Alloy Steel B
B8-1 45 400 67 000 37.5 51.5
B8-2 45 000 65 800 37.9 53.0
B8-3 46 000 66 700 37.6 54.6
Average 45 500 66 500 37.7 53.0
Low-Alloy Steel C
C8-1 50 200 86 000 28.1 40.2
C8-2 ...... t 92 500 Broke in gage holes
C8-3 53 100 83 500 29.1 43.6
Average 51 600 87 300 28.6 41.9
*By drop of beam at pulling speed of 0.05 in. per in.
tNo drop of beam. See stress-strain diagram, Fig. 17c.
mum, minimum, and maximum-less-minimum are given at the bottom
of the table. The hardness %6 in. from the fracture had been in-
creased by the cold-working that accompanied failure and is not,
therefore, an indication of the hardness of the driven rivet, but is re-
ported as information of interest. In general, both the hardness and the
variation in hardness among the rivets, were somewhat greater for the
low-alloy steel C than for the low-alloy steel A or low-alloy steel B
rivets. The highest individual Brinell numbers on the sections % in.
from the fracture were 223, 213, and 247 for low-alloy steels A, B, and
C, respectively. The corresponding average values on the same sections
% in. from the fractures were 200, 193, and 218. These are comparable
with Brinell numbers of 146, 132, and 154 for the same alloy steels
in the form of undriven rivets.
Tests to determine the hardness gradients are reported in
Chapter IV.
9. Completeness With Which Rivets Fill the Holes.-The amount
by which the rivets failed to fill the holes is shown in Figs. 13, 14, and
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TABLE 13
RELATION BETWEEN TENSILE PROPERTIES OF PLATE MATERIAL AS GIVEN BY
TESTS OF 1 2-IN. CONTROL SPECIMENS AND BY TESTS OF
41 2 -IN. PLATES WITHOUT JOINTS
Values in lower line are from control specimens-XA2, XB2, XC2 (Table 2),
those in upper line from 4 2 -in. plates
Kind of Steel
Low-alloy steel A
Low-alloy steel B
Low-alloy steel C
Tensile Strength, lb. per sq. in. Elongation in
S-in.
Yield Point
47 000
48 750
45 500
46 000
51 600
*
Ultimate per cent
69 100 32.1
69 800 24.9
66 500 37.7
67 200 30.9
87 300 28.6
86 300 22.8
Reduction of
Area
per cent
40.2
45.6
53.0
66.7
41.9
57.1
*No yield point; see stress-strain diagram for specimen XC2, Fig. lc.
15. The clearance between the side of the rivet and the edge of the
plate was measured with a micrometer microscope, and the values
in inches are shown in the figures. With a few exceptions, about the
same number of exceptions for each kind of steel, the rivets completely
filled the holes for a short length adjacent to the heads but did not
completely fill the holes near the middle of the shank. The rivets
driven with a hydraulic riveting machine filled the holes slightly better
than those driven with a pnuematic hand riveting hammer, but the
difference was not great enough to be considered significant. The
clearance around the rivets did not differ appreciably for the various
rivet materials.
10. Strength of Plates Without Joints.-Static tensile tests were
made on plates without joints, using specimens with the dimensions
shown in Fig. 16b. The specimens were bolted to pin-connected pulling
heads, one on each end, so as to insure centric loading. The longi-
tudinal strain was measured with an 8-in. gage on each of eight gage
lines located as shown in Fig. 16b.
The stress-strain relation for plates of the three kinds of steel is
shown by the diagrams of Fig. 17, and the tensile properties are given
in Table 12. The stress-strain diagrams indicate that all of the low-
alloy steel A and low-alloy steel B specimens had a well-defined yield
point. Of the low-alloy steel C specimens, the yield point of one was
well defined at a pulling speed of 0.05 in. per min., for a second it was
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'W-1 4-8" -
Machine to 81'Wlyfy \-\- I TCUt- W/de
B
s. i
eS
S51 " S i 11 K/ | Lc . ^' "l | 0I 3
444-114•
•/ , a •t, •i 
_,
r' 6 :-J 1-4
-~r -r ~lp/crfes
A= peZoA//o s A4, w Ao C4 Spec/mens A/3, 8/3. C/1
(a = -vefs // C( S/)-R/e Sheae n DoubJJe Sher
ba rely discernible from the drop of the beam, and for the third speci-
ri/vehing m'ci/,ne Specimens A/I, 8/2,5{ C/2
Three idenfic/ specimens cut from 
_ 1___-______________
p/men the yield point was not discernible from either the drop of the
beam or the stress-strain diagram.The relation between the tensile properties of the plate material as
given by tests of control specimens in wide and by tests of plates
Ain wide is given in Table 13. The values in th e upper line ar
FIG. 18. JOINTS WITH RIVETS IN SINGLE SHEAR AND WITH RIVETS IN
DOUBLE SHEAR DESIGNED TO FAIL IN THE PLATES
barely discernible from the drop of the beam, and for the -in. plates, and spei-
values in the yield power line are from specimens XA2, XB2, and XC2* in
The rela2. It is of interest the tensie properties of the yplate material as
given by testrengs of control speciably affected by thin. wide and byth of the speci-
men, but that the elongation in Table 13. The values in the upper line are
the average values given in Table 12 for the 4%1-in. plate than for the -in control specimen.
values in t e lower line are from specimens XA2, XB2, and XC2* in
Table 2. It is of interest t  note that eit er the yield p int nor the
ultimate strength was appreciably affected by the width of the speci-
men, but that the elongation in 8 in. was greater and the reduction of
area was less for the 41 2 -in. plate than for the 1%-in. control specimen.
It should be noted, however, that the length of the reduced width of
the specimen was the same for the two types of specimens, and the
reduction of area and elongation in 8 in. may have been affected more
by the relation of the length to width than by the width itself.
*Control specimens XA2, XB2, and XC2 were cut from the same parent plates as A-8,B-8, and C-8 (see Fig. 16).
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FIG. 19. LAP JOINT LOADED NEARLY TO THE ULTIMATE
11. Strength of Plates of Riveted Joints.-Tests were made to de-
termine the strength of the plates of riveted joints. The rivets were
in single shear for the specimens shown in Fig. 18a, and in double shear
for those shown in Figs. 12b and 18b. In order to facilitate driving the
rivets, the three identical specimens of each kind of plate material were
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FIG. 20. TYPICAL FRACTURES OF PLATES OF THE THREE KINDS OF STEEL
made as a unit and then cut into individual specimens, as shown in the
figures. All rivets were driven with a hydraulic riveting machine.
Specimens All, A12, and A13 were identical insofar as the action of
the plates was concerned, but the grip of the rivets was different for the
various specimens, the variation having been obtained by the use of
packing plates outside of the main plates.
The results of the tests are given in Table 14. The rivets of the
first group of specimens were in single shear, the others in double shear.
The unit strength developed by the net section of the plates and by
the coupons are given in adjacent columns. Two values of the efficiency
of the joint are given, one based on the gross area of the plate and the
other on the net area.
A joint with rivets in single shear, loaded nearly to the ultimate,
is shown in Fig. 19, and typical static tension fractures of plates of
the three kinds of steel are shown in Fig. 20.
These tests gave a strength on the net section of the plate consider-
ably in excess of the strength of the control specimens. This is in ac-
cordance with the usual results of tests of riveted joints for which the
transverse spacing of the rivets on the section of failure is not excessive.
12. Shear-Slip Relation for Riveted Joints.-The specimens used
in the tests to determine the shearing strength of driven rivets and the
strength of plates of riveted joints, shown in Figs. 12 and 18, were also
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used to determine the relation between the unit shear on the rivets
and the slip between the main plates of the joints.
The slip between the main plates was measured at the mid-length
of the joint for all specimens and, in addition, it was measured at the
end rivets for the specimens shown in Fig. 18a. The slip at mid-length
might properly be designated as the true slip of the joint, whereas
the slip at the end rivet is the slip of the joint plus the difference in
the elongations of the plates between mid-length and the end rivet,
which is large for a specimen that fails in the plate.
The load-slip diagrams for the specimens with rivets in single shear,
shown in Figs. 12a and 18a, are given in Fig. 21. The correspond-
ing diagrams for the specimens with rivets in double shear, shown in
Figs. 12b and 18b, are given in Figs. 22 to 24, inclusive. There are two
types of shear-slip diagrams. For the joints with short rivets the slip
began at a relatively low load, increased slowly up to a shear of 30 000
to 40 000 lb. per sq. in., and then increased at an increasing rate to
failure. For most joints with long rivets, there was very little slip up
to a shear of 18 000 to 20 000 lb. per sq. in., then there was an abrupt
slip with a falling off in load. As the load was increased beyond this
point the slip increased, at first very slowly and then at an increasing
rate. It would seem from these diagrams that the short and long rivets
acted differently, as follows:
The short rivets, from the beginning, resisted the shear almost
entirely by bearing of metal on metal. Because the rivets were short
they very nearly filled the holes. As the shear came on the rivet it
was pressed tight against the side of the hole thereby permitting a
slight slip. As the shear was increased, there was shear detrusion of
the rivet and compression of the edge of the plate at the rivet hole.
These actions combined permitted a slip to take place that was nearly
proportional to the shear until some part was stressed beyond the
yield point. After a yield-point stress had been reached, further in-
creases in the shear caused the slip to increase at an increasing rate.
The long rivets generally had a high initial tension which pro-
duced friction between the plates sufficient to resist a shear of 18 000
to 20 000 Ib. per sq. in. section of the rivet. When the shear exceeded
the friction between the plates, a sudden slip occurred that brought
the rivets into contact with the sides of holes in the plate. Further in-
creases in shear were resisted by bearing of metal on metal, as for
short rivets.
The minimum load that produced an appreciable slip was read from
the diagrams of Figs. 21 to 24, inclusive, and the values are given in
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TABLE 15
MINIMUM SHEAR THAT PRODUCED AN APPRECIABLE SLIP
Shear on Rivets at Initial Slip, lb. per sq. in.
Grip in S he ar
nches Specimen Low-Alloy Specimen Low-Alloy Specimen Low-Alloy
No. Steel A No. Steel B No. Steel C
A4-1 8 500* B4-1 7 500* C4-1 11 500*
1% Single A4-2 9 500* B4-2 9 250* C4-2 6 500*
A4-3 13 000* B4-3 9 500* C4-3 7 000*
Average 10 300* Average 8 750* Average 8 330*
A5-1 23 350 B5-1 23 000 C5-1 19 000
5% Double A5-2 26 750 B5-2 14 000 C5-2 17 000
A5-3 24 450 B5-3 8 500* C5-3 17 000
Average 24 850 Average 15 170 Average 17 670
All-1 24 200 B11-1 21 650 C1-l - 23 500
5} Double All-2 23 100 B11-2 16 500 C11-2 21 150
All-3 23 100 B11-3 17 500 C11-3 21 490
Average 23 500 Average 18 550 Average 22 050
A6-1 18 100 B6-1 20 450 C6-1 12 750*
3% Double A6-2 19 050 B6-2 17 300 C6-2 12 600
A6-3 18 450 B6-3 16 800 C6-3 11 500
Average 18 500 Average 18 200 Average 12 280
A12-1 16 500 B12-1 19 050 C12-1 16 900
3% Double A12-2 18 050 B12-2 15 750 C12-2 18 250
A12-3 14 900 B12-3 18 900 C12-3 16 550
Average 16 500 Average 17 900 Average 17 230
A7-1 8 000* B7-1 8 500* C7-1 8 000*
1 Double A7-2 7 000* B7-2 7 000* C7-2 4 000*
A7-3 8 500* B7-3 8 000* C7-3 5 000*
Average 7 830* Average 7 830* Average 5 670*
A13-1 7 500* B13-1 9 000* C13-1 7 500*
1% Double A13-2 7 500* B13-2 6 000* C13-2 5 000*
A13-3 8 500* B13-3 6 500* C13-3 8 000*
Average 7 830* Average 7 170* Average 6 830*
*Shear that produced a slip-of 0.002 inches.
Table 15. There were some specimens for which the slip increased
gradually so that there was no load at which it could be said that
slip first occurred. For these, the load that produced a slip of 0.002
in. was used instead. These values are marked in the table with an
asterisk. The relation between the grip of the rivet and the initial
tension in the rivets and the minimum shear required to produce an
appreciable slip, are shown by the diagrams of Fig. 25. The two sets
of diagrams in this figure supplement each other in that they both in-
dicate an increase in tension with an increase in the grip of the rivets.
The tests of carbon-steel and manganese-steel rivets driven with
a hydraulic riveting machine, reported in Bulletin 302, gave the fol-
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FIG. 25. EFFECT OF GRIP OF RIVET UPON INITIAL TENSION IN RIVET AND
UPON SHEAR REQUIRED TO PRODUCE SLIP
lowing values for the minimum load in lb. per sq. in. shear on the
rivets that produced an appreciable slip in the joints:
Minimum Shear on Rivet That Produced
an Appreciable Slip-lb. per sq. in.
Kind of Shear Grip of Rivets ------------in.
Carbon-Steel Manganese-Steel
Rivets Rivets
Single 1.25 18 500 13 350
Double 1.50 16 000 15 000
Double 3.25 34 000 24 000
Double 4.75 37 000 25 000
13. Strength of Welded Joints.--Static tension tests were made on
specimens containing a single butt weld. The details of the specimens
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t-8"-^
Detori/s of Coupon
A9, B9, C9 as We/cded.
A/IO B/O, C/O We/d Ground
Flush w//h Plate
A - Low-A loy A
B- Low-A/loi/
C-Low-Alloy C
711
O P/ates
FIG. 26. DETAILS OF SPECIMENS WITH BUTT WELDS
are shown in Fig. 26. There were two types of specimens; for one
the weld was in the as-welded condition, for the other the reinforce-
ment was ground flush with the base plate on both sides. There were
Detai/ of Groov'e
For Al/ Joints
Bead Elect Vo/t Amp.
No. Size . Wel Amp.
I / , 66 24 zoo
e,3 81/ 2 290
4 ,i 7e 25 235
o8- f 81 24 300
6 A 84 23 185
1 81/ 2 280
B?
^3 : 73 25 235
4o8 to 8/ 24 300
I , 84 26 /85
--(S - 2 so80 26 285
2 )I 39 73 28 230
S 4,5/ 4 6 3 80 27 280
0 7fo/0 s 82 s6 295
Electrodes Class E60/2
Direct Current Straight Pol/r/l/
A// welds deposited in flat position
, Bon gead Elect VoltageJoin No. Size . Amp.
4 ,- 84 23 /90
A q .2,5 34 A 8 Z 290
S5 s 73 27 230
6e8,8 ýg 8/ 26 285
/ , 84 24 /8s
2 8/ 26 280
S3 / 72 26 23,
o48 41  81 25 285
I/ 84 26 /90
M " 2 & s- 80 26 28s
c s 72 26 e30
\/I ~4,'561 80 25 060
S 7,8 9A 7  ;3 270
9 A 82 23 290
FIG. 27. DETAILS OF WELDS
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TABLE 16
PHYSICAL PROPERTIES OF WELDED SPECIMEN IN AS-WELDED CONDITION
Section of plate at weld, 4 2 -in. x N-in.
Strength, Ib. per sq. in.
Specimen Strength, lb. per sq. in. Elongation in Reduction ofNo. 8-in. Area
N  Yield Point Ultimate per cent per cent
Low-Alloy Steel A
A9-1* 45 200 69 000 39.1 25.3
A9-2 45 100 68 700 5.8 19.5
A9-3* 45 000 68 100 38.3 23.7
Averaget 45 100 68 600
47 000 69 100 32.1 40.2
Low-Alloy Steel B
67 200
67 000
67 800
67 300
66 500
Low-Alloy Steel C
C9-1 54 000 80 400
C9-2 55 400 82 000
C9-3 54 200 78 800
Averaget 54 500 80 400
51 600 87 300
*Specimens broke outside the weld; others broke in weld.
tValues in upper line are for welded specimens, those in lower line are for plates without joints
as given in Table 12.
three identical specimens of each type of each kind of steel. The
details of the welds are shown in Fig. 27.
The physical properties of the specimens are given in Tables 16
and 17, Table 16 being for the specimens in the as-welded condition
and Table 17 for those with the reinforcement ground flush with the
base plate. The average values for the welded specimens and for
similar plates without joints, given in Table 12, are compared for each
kind of steel, the values in the upper line being for welded specimens
and those in the lower line for the plates without joints.
Only three of the specimens with welds in the as-welded condition
broke outside of the weld, two were low-alloy steel A and the other
was low-alloy steel B. The yield point and the ultimate strength for
the low-alloy steel A and low-alloy steel B specimens were as great
for welded specimens that broke in the weld as for similar plates
without joints. Low-alloy steel C specimens, all of which broke in the
weld, were nearly 10 per cent weaker than the plates without joints
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TABLE 17
PHYSICAL PROPERTIES OF WELDED SPECIMENS. REINFORCEMENT GROUND FLUSH
WITH BASE PLATE ON BOTH SIDES
Section of plate at weld, 41 2 -in. x %-in.
Strength, Ib. per sq. in.
Specimen Streng, l. pr s. i. Elongation in Reduction ofNo. 8-in. Area
Yield Point Ultimate per cent per cent
Low-Alloy Steel A
A10-1 44 600 68 700
A10-2 44 500 68 100
A10-3 44 900 68 600
Average* 44 700 68 500
47 000 69 100
20.5
12.5
13.7
15.6
40.2
Low-Alloy Steel B
B10-1 47 000 65 700 12.0 11.9
B10-2 44 700 65 600 11.9 11.5
B10-3 46 300 66 000 11.2 12.0
Average* 46 000 65 800 11.7 11.8
45 500 66 500 37.7 53.0
Low-Alloy Steel C
C10-1 53 300 69 700 4.6 11.6
C10-2 53 500 73 500 6.0 15.3
C10-3 54 100 73 400 5.0 12.8
Average* 53 600 72 200 5.2 13.2
51 600 87 300 28.6 41.9
*Values in upper line are for welded specimens, those in the lower line are for plates without
joints as given in Table 12.
All specimens broke in the welds.
but, for the group of three welded low-alloy steel C specimens, the
average and minimum strengths were 80 400 and 78 800 lb. per sq. in.,
respectively.
All specimens with the reinforcement ground flush with the base
plate on both sides broke in the weld, but for the low-alloy steel A
and low-alloy steel B specimens, the strength was almost as great for
the welded specimens as it was for the plates without joints; for the
low-alloy steel C, the welded specimens were 17 per cent weaker than
the plates without joints. For the group of three welded low-alloy steel
C specimens, the average and minimum strengths were 72 200 and
69 700 lb. per sq. in., respectively.
Although grinding the reinforcement flush with the base plate
reduced the static strength, slightly for low-alloy steels A and B, and
10 per cent for low-alloy steel C, tests* show that machining the rein-
*Bulletin No. 327, page 39.
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FIG. 28. FRACTURES OF SPECIMENS
forcement flush with the base plate increased the fatigue strength of
butt welds in carbon-steel plates, as much as 30 per cent in some
instances.
The behavior of the static tensile specimens with welded joints at
their middle is quite different from that of similar specimens without
joints because the weld metal has stress-strain characteristics different
from those of the base plate, and consequently disturbs the plastic
flow adjacent to the fracture, which is the major factor in the elonga-
tion and reduction of area. When failure occurs in the weld, the plastic
flow accompanying fracture is almost entirely confined to the short
and irregular length of the weld metal, and it is restricted by the ad-
jacent stronger metal of the base plate. If the failure is in the plate,
plastic flow occurs independently in two isolated zones which are sepa-
rated by the weld and adjacent heat-affected base metal, which has
a high yield point, and which has but little plastic flow. These con-
ditions are illustrated in Fig. 28. In either case, the elongation of
the specimen develops in a length which is different from that of a
homogeneous plate without joints, and the reduction of the area is
restricted by adjacent stronger metal. Thus, the tensile test of a speci-
men with a welded joint shows whether the weld is as strong as the
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FIG. 29. MACRO-SECTIONS OF RIVETS SHOWING METHOD OF SECTIONING
AND MAKING HARDNESS SURVEYS
plate, but the measurements of the ductility are not comparable with
those of similar specimens of plates without joints. It should also be
noted that the region of low plastic flow is limited to a short length
adjacent to the weld and, providing the strength of the joint equals
the strength of the plate, the total elongation of a relatively long
member containing a weld is not appreciably affected.
IV. METALLURGICAL STUDIES
14. Materials.-The materials used for studies of the hardness and
microstructures were as follows:
(a) One undriven rivet of each of the low-alloy steels A, B, and C,
TESTS OF JOINTS IN LOW-ALLOY STEELS
Low-Al//ol C
FIG. 30. HARDNESS GRADIENTS IN HEADS OF UNDRIVEN RIVETS
for a determination of the original hardness and microstructure. These
rivets were marked A20, B20, and C20.
(b) Two driven rivets of each alloy steel, one driven with a pneu-
matic hand riveting hammer and the other with a hydraulic riveting
machine, used in the studies of the microstructure and the hardness
gradient in the manufactured head, the shank and the driven head.
The rivets driven with a pneumatic hand riveting hammer were
marked Al, B1, and C1, and those driven with a hydraulic riveting
machine were marked A2, B2, and C2. They were the central rivets
with 5-in. grip in the test blocks shown in Figs. 13a to 15b, and were
carefully removed from the test blocks for these studies.
(c) One half of one static tensile specimen of each of the low-
alloy steels A, B, and C which contained a butt weld in a 7-in. plate
with the weld ground flush with the plate was also studied. These
specimens had been fractured in the static tensile test prior to the
metallurgical studies.
15. Methods.-The rivets described in (a) and (b) had been cut
in half through the long axis. The rounded portion was machined off
parallel with the cut surface to provide a flat base required for hard-
ness testing. Specimens were then prepared by sectioning the un-
driven rivets in (a) to provide a sample of the head only, and by
sectioning the rivets in (b) to provide samples of the manufactured
and driven heads, including about 1/4 in. of the shanks, and a %-in.
section of the central portion of the shanks. These samples were
further prepared by grinding and polishing, and then etched with
5 per cent Nital for micro-examination. Figure 29 is from a photo-
graph of a 5-in. grip rivet which had been cut into three specimens
of convenient size for metallographic polishing. The rounded heads
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were machined off and the edges beveled in order to hold the specimens
and facilitate polishing.
The halves of the tensile-test specimens with butt welds were cut
to provide a sample of %-in. width from the center, transverse to
the weld.
All the specimens were examined with the aid of a microscope for
evidence of microstructural changes, and a record was made of the
typical microstructures. The specimens were then surveyed for hard-
ness variations in certain areas with a Vickers type hardness tester
using a load of 10 kilograms on the diamond pyramid. The method
of making the hardness surveys on the rivets is illustrated in Fig. 29.
For the driven rivets, five series of hardness surveys were made as
indicated in the figure. The hardness indents for series 1 and 5 were
made on a line parallel with the underside of the rivet head, and 0.03
to 0.04 in. from the underside. The indents were spaced at 0.05-in.
intervals along this line except for about % to % in. in the center
where the intervals were % to 14 in. The indents for the hardness
surveys of series 2 and 4 were made in the shank and on a line ap-
proximately 0.05 in. from the underside of the rivet head. The indent
spacing was % in. over the central portion and 0.05 in. for the two
indents at either edge. The indents for the hardness surveys of series 3
were made in the center of the shank. The spacing of the indents for
series 3 was the same as for series 2 and 4.
For the undriven rivets, one series of hardness surveys was made
similar to series 1 of Fig. 29.
The hardness surveys for the butt welds were made on a section
transverse to the weld and on lines parallel to the rolled surfaces of
the plates, as shown in Fig. 40. The indents were on a line at a distance
of 0.05 in. from the surface of the plate for series 1 and on a line at
midsection of the plate for series 2. The indents were spaced at in-
tervals of 0.02 in. in the heat-affected zone, and 0.05 in. to % in. in
the weld and unaffected base metal.
16. Hardness Survey of Rivets.-Hardness gradients for the un-
driven rivets are shown in Fig. 30. The surveys represent the varia-
tions in hardness of the rivet heads along a line 0.03 to 0.04 in.
above the underside. Preliminary tests indicated that maximum
hardness values and maximum variation in hardness occurred on this
line. It is probable that the highest hardness occurred at the extreme
edge of the head, a portion that was of necessity machined away in
beveling the edges of the specimens in order to polish them. The lack
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TABLE 18
VICKERS HARDNESS NUMBERS FOR Low-ALLOY STEEL RIVETS
Average Hardness Numbers Within the Diameter of the Rivet Shank
Location of
Indents
Low-Alloy Steel A Low-Alloy Steel B Low-Alloy Steel C
Undriven Rivets
Head 156 140 160
Rivets Driven With a Pneumatic Hand Riveting Hammer
Series 1* 178 176 204
2 186 180 210
3 180 184 202'
4 180 177 204
5 180 173 206
Average 181 178 205
Rivets Driven With a Hydraulic Riveting Machine
Series 1 184 185 220
2 180 188 234
3 183 184 197
4 184 188 238
5 188 190 232
Average 184 187 224
*See Fig. 29 for location of indents for various series.
of symmetry in the surveys may have been due to the removal of
metal to a greater extent from one edge than the other.
The hardness surveys of the driven rivets are shown in Fig. 31,
the relative position of the five series of hardness indents being as
shown in Fig. 29. The contours for the pneumatically-driven rivets
are shown at the left, Al, B1, and C1, and those for the hydrauli-
cally-driven rivets are shown at the right, A2, B2, and C2, in the
same figures.
A summary of the average hardness numbers within the diameter
of the rivet shank for all rivet specimens is given in Table 18. It is
apparent from this table and Fig. 30 that, for the undriven rivets, the
average hardness for the various alloy steels increased in the order,
B, A, and C, and that the hardness over the central portion of the head
was fairly constant.
The data in Fig. 31 and Table 18 indicate that, for all driven
rivets, the hardness was fairly constant within the diameter of the
shank for all sections. Furthermore, the average hardness was very
nearly the same for all five sections of each rivet on which measure-
ments were taken except for the low-alloy steel C rivet driven with a
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hydraulic riveting machine. For it, the average hardness for series 3
was only 197, whereas for series 4 it was 238. The increase in the
average hardness due to driving with a pneumatic hand riveting
hammer was 25, 38, and 45 Vickers numbers for low-alloy steels A,
B, and C, respectively; the corresponding increases due to driving with
a hydraulic riveting machine were 28, 47, and 64, respectively.
17. Microstructure of Rivets.-In examining the polished and
etched rivet specimens under the microscope it was noted that the
microstructure varied considerably over the area of the rivet heads
due to differences in grain size, amount of plastic deformation, and
cooling rates. Two zones in each rivet head were therefore selected,
zone 1 to represent the average microstructural change in the neighbor-
hood of the hardened, fine-grain region of the underside of the manu-
factured head, and zone 2, the coarser-grain region in the center of the
manufactured head. Typical microstructures of these zones at a
magnification of 100 X are shown by the micrographs Z1 and Z2 of
Figs. 46 to 53. The micrographs of corresponding zones in the driven
heads are marked Z3 and Z4 in the same figures.
The microstructures of zones 1 and 2 are shown in Fig. 32 for all
of the undriven rivets. The smaller grain size of zone 1 as compared
with zone 2 is evident for the rivets of all of the alloys. The small
grain size of zone 1 is due to hot working of the original "as rolled"
structure at a relatively low temperature during the upsetting opera-
tion required to form the rivet head. Slow cooling, i.e., allowing to
cool in the air after forging, from the forming temperature appears to
have been practiced, as indicated by the well-defined microstructure
and the lower hardness values as compared with those of the driven
rivets. The difference in grain size of zones 1 and 2 is most marked
for alloy steels A and C, while alloy steel C has a further charac-
teristic in the banded or striated structure. The difference in grain
size in the undriven rivets is considered to be sufficient to account for
the small difference in hardness found in the hardness surveys of
Fig. 30.
The microstructures of zones 1 to 4 are shown in Figs. 33 and 34
for the pneumatically- and the hydraulically-driven low-alloy steel A
rivets, Al and A2. Zones 1 and 2 of A2 have a considerably smaller
grain size than zones 1 and 2 of Al. It is possible that rivet Al was
heated to a higher temperature or was held longer at the same tempera-
ture than rivet A2. Zones 3 are similar for Al and A2, and show the
poorly-defined microstructure associated with plastic deformation at a
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decreasing temperature which did not permit the formation of equi-
axed grains. Zones 4 of Al and A2 have similar microstructures but
the former grain boundaries of austenite are not as well defined for Al
as for A2.
The microstructures of zones 1 to 4 of low-alloy steel B are shown
in Figs. 35 and 36 for the pneumatically-driven rivet B1, and the
hydraulically-driven rivet B2. The zones 1 and 2 of B2 have a con-
siderably smaller grain size than zones 1 and 2 of the B1 rivet. This
same difference was found to exist in a comparison of the Al and A2
rivets. Zones 3 of B1 and B2 rivets show a considerable difference
in that for B2 the microstructure is well defined with elongated grains
and well dispersed carbides, whereas for B1 the structure of zone 3 is
not well defined and fairly coarse grains with considerable amounts
of ferrite are present. Zones 4 of the two rivets clearly show a smaller
grain size and more uniform carbide dispersion in the B2 than in the
B1 rivet.
The microstructure of zones 1 to 4 are shown in Figs. 37 and 38
for the pneumatically-driven low-alloy steel C rivet C1 and the hy-
draulically-driven low-alloy steel C rivet C2. Zone 1 has a coarser
grain size for the rivet driven with the pneumatic hand riveting hammer
than for the one driven with a hydraulic riveting machine. This is also
true of zone 2, with the further observation that, for the C2 rivet, more
rapid cooling has brought about a more dispersed carbide precipitation.
Zone 2, for both methods of driving, has a better defined microstruc-
ture for the low-alloy steel C rivet than for the low-alloy steel A and
low-alloy steel B rivets. The carbides in zone 3 of rivet C2 have
precipitated in an extremely fine state and occasionally there is evi-
dence of an acicular structure which would indicate that the zone had
a fairly rapid rate of cooling. Zones 4 of the C1 and C2 rivets show
a wide difference, in that C1 has a mixture of fine and medium grain
sizes with the carbides highly dispersed, while C2 has a small grain
size, but the microstructure is not well defined.
The microstructure of the center of the shank of the pneumatically-
driven rivets Al, B1, and C1 and the hydraulically-driven rivets A2,
B2, and C2 are shown in Fig. 39. The microstructures for the two
methods of driving are similar with the exception of rivets B1 and B2.
The structure has an extremely coarse-grain size for B1, which is in-
dicative of a high temperature during heating of the rivet for driving.
18. Correlation Between Hardness and Microstructure.-The maxi-
mum hardness of the Al and A2 rivets is slightly higher in the manu-
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FIG. 40. MACRO-SECTIONS AND FRACTURED SURFACES OF TENSILE SPECIMENS
OF BUTT WELDS IN ALLOYS A, B, AND C
factured head than in the driven head. The difference in the grain
size of zones 1 and 3 is sufficient to account for the higher maximum
hardness, and also for the higher hardness attained in A2 than in Al.
For rivets B1 and B2, the driven head has a slightly higher maximum
hardness than the manufactured head. The microstructure of zone 1
shows a fine grain size to have been established, whereas zone 3 of alloy
steels B and C with a higher hardness do not have a well-defined
structure. Zone 3 of B1 actually appears to have a fairly coarse grain
size, with some evidence of having been broken down into smaller
units in various regions. It appears possible that the driven head is
plastically deformed at temperatures low enough, in the region of
the bearing surface, to impart a small amount of work hardening. The
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TABLE 19
VICKERS HARDNESS NUMBERS FOR WELD AND BASE METAL OF BUTT WELDS IN
LOW-ALLOY STRUCTURAL STEELS
Hardness tests were made after failure of specimen in static tensile test
Unaffected Base Metal a Heat-Affected Zone b Weld Metal c
Max. Min. Av. Max. Min. Max. Min. Av.
Alloy steel A
Series 1 207 192 200 211 206 241 200 220
Series 2 205 191
Alloy steel B
Series 1 183 195 190 218 201 234 200 215
Series 2 200 180 187 205 190
Alloy steel C
Series 1 215 192 200 316 222 243 190 220
Series 2 207 195 200 217 212 192 185 190
cooling rates of the manufactured and driven heads during driving
are unknown, but would appear from a study of the microstructures
to be somewhat more rapid for the driven than for the manufactured
head. The combination of work-hardening and more rapid cooling
rates giving greater dispersion of the carbides, apparently is sufficient
in the rivets B1 and B2 to induce slightly greater hardening in the
driven head. For rivets C1 and C2 the same situation appears to
have been present during driving of the rivets.
19. Hardness Survey of Butt Welds.-The indents resulting from
the hardness tests of the butt welds can be seen in Fig. 40, which is
from a photograph of the polished and etched macrosections. The
fractured surface of the tensile specimen is shown on either side of the
macrosection for each specimen. The top row of hardness indents on
a macrosection is designated series 1; and the row through the mid-
section is designated series 2. The indents are shown on each macro-
section and the hardness values determined from them are shown in
Fig. 41 and Table 19.
The maximum hardness of the heat-affected zone of the base metal,
designated as b in Fig. 41, is shown to increase with the various alloy
steels in the order A, B, and C with maximum values of 211, 218,
and 316 Vickers, respectively. For alloy steels A and B the increase
in hardness in the heat-affected zone is so small as to be insignificant,
while for alloy steel C the increase is considerable. The unaffected
base metal, designated in Fig. 41 as a, has practically the same hard-
ness in alloy steels A and C, with an average of 200 Vickers for both
steels. The alloy steel B has a slightly lower average hardness of
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FIG. 41. HARDNESS GRADIENTS IN BUTT WELDS OF LOW-ALLOY STRUCTURAL STEELS
about 190 Vickers in the unaffected base metal. The weld-metal
hardness values, area c in Fig. 41, were undoubtedly affected by the
work-hardening which took place during the tensile test. All of the
fractures occurred in the weld metal, therefore the hardness determi-
nations do not represent the "as welded" values. It is, however, worthy
of note that, for the weld metal, the hardness maxima, minima, and
averages have approximately the same values for the three low-alloy
steels.
20. Microstructure of Butt Welds.-The microstructures of the
unaffected base metals are shown in Fig. 42. The carbon content was
0.179, 0.097, and 0.232 per cent, respectively, for the A, B, and C alloy
steels, as reported in Table 1, and this trend is shown in the micro-
graphs of Fig. 42.
The top portion of Fig. 43 shows the microstructures of the junc-
tion of the weld metal and the heat-affected zone in the region where
the weld metal, c, has an "as cast" columnar structure, and the heat-
affected zone, b, has a coarse-grain structure with maximum hardness.
The recrystallized weld metal near the root of the weld at the center
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FIc. 42. MICROGRAPHS OF UNAFFECTED BASE METAL OF STRUCTURAL
ALLOY STEEL PLATE. 100 X
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of the plate is shown at the bottom of the figure for alloy steels A and
B. For alloy steel C, a portion of the heat-affected base metal, b, has
been included at the junction with recrystallized weld metal in order
to show the crack which this specimen contained. This fracture con-
tained small corroded areas when failure occurred, and is believed to
have been present prior to the tensile test.
V. SUMMARY OF RESULTS
21. Summary.-The results of the tests reported in this bulletin
may be summarized as follows:
(1) The initial tension in the rivets was somewhat erratic, but
increased with the grip from values below 13 000 lb. per sq. in. for
a grip of 2 in. to values as high as 40 000 lb. per sq. in. for a grip
of 5 in. In general, the tension was somewhat greater for short rivets
(2-in. grip) driven with a pneumatic hand riveting hammer than for
those driven with a hydraulic riveting machine; for long rivets
(5-in. grip) the opposite was true. There was no consistent relation
between the initial tension and the rivet material except that for the
short rivets, the initial tension was less for rivets of low-alloy steel C
than for those of low-alloy steels A and B.
(2) The unit tensile strength was appreciably greater for the driven
than for the undriven rivets, the strength being 29 per cent greater
for the former than the latter for the low-alloy steel B rivets with a
3-in. grip driven with a hydraulic riveting machine. The increase in
strength due to driving was, in general, greater for rivets driven with
the hydraulic riveting machine than for those driven with the pneu-
matic hand riveting hammer.
In all cases, however, the increase in strength of the rivets was
accompanied by some reduction of their ductility, but there were no
brittle fractures for any of the driven rivets tested in tension. The
specimens cut from rivet rods gave a definite drop of the beam, but
none of the driven rivets gave any drop of the beam.
(3) The ratio of the strength in single shear to the strength in
tension had values of 0.67, 0.73, and 0.69 for the undriven low-alloy
steel A, low-alloy steel B, and low-alloy steel C rivets, respectively.
For the strength in double shear, the corresponding ratios were 0.65,
0.69, and 0.66, respectively. The ratio of the strength in single shear
of machine-driven rivets to that of undriven rivets had values of 1.13,
1.15, and 1.18, respectively, for the same materials.
(4) Rivets with a 5-in. grip, in general, filled the holes just beneath
the heads but did not completely fill the holes near the middle. The
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completeness with which the rivets filled the holes was not related to
either the method of driving or the kind of steel.
(5) The net section of the plates of small riveted joints developed
a unit strength about 10 per cent greater than that developed by
coupons cut from the same parent plates. The unit strength developed
by plates without joints 4% in. x 7/ in. did not differ by significant
amounts from the unit strength developed by coupons 11 in. x 7/ in.
cut from the same parent plates. Both of these statements apply to
all three alloys.
(6) The minimum shear that produced an appreciable slip was
smaller for short than for long rivets. The minimum shear that pro-
duced an appreciable slip increased with the rivet material in the order,
low-alloy steel C, low-alloy steel B, and low-alloy steel A, but the
increase was not large.
(7) Only three of the specimens with butt welds in the as-welded
condition broke outside of the welds, but the low-alloy steel A and
low-alloy steel B specimens that broke in the weld developed as great
a strength as the similar plates without joints. The low-alloy steel C
specimens, all of which broke in the weld, developed an average
strength of 80 400 lb. per sq. in., 92 per cent of the strength of
similar plates without joints. The specimens with butt welds ground
flush with the base plates on both sides all broke in the weld. The
low-alloy steel A and low-alloy steel B specimens developed almost
as great a strength as the similar plates without welds, but the low-
alloy steel C specimens developed an average strength of only 72 200
lb. per sq. in., 83 per cent of the strength of similar plates without
joints.
(8) The increase in hardness associated with driving the alloy
steel rivets which were examined was caused by plastic deformation
producing grain refinement at temperatures low enough for work hard-
ening, and by rapid cooling with attendant highly-dispersed carbide
precipitation. These factors would tend to improve the strength and
toughness in the hardened areas where they were effective. In no
case was the cooling rate sufficiently rapid to form a hard, brittle
martensitic structure.
(9) The increase in hardness in the heat-affected zone of the butt
welds in the alloy steels which were examined was not excessive for
alloy steels A or B. The fracture of the low-alloy steel C specimens
contained small corroded areas when failure occurred, indicating the
presence of cracks due to excessive hardening, but the evidence as to
the hardness of the region of the crack at the time of its formation
was obliterated by subsequent reheating during welding.
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AGRICULTURAL EXPERIMENT STATION BUREAU OF COMMUNITY PLANNING
ENGINEERING EXPERIMENT STATION BUREAU OF EDUCATIONAL RESEARCH
EXTENSION SERVICE IN AGRICULTURE BUREAU OF INSTITUTIONAL RESEARCH
AND HOME ECONOMICS PERSONNEL BUREAU
BUREAU OF ECONOMIC AND BUSINESS RADIO STATION (WI L L)
RESEARCH UNIVERSITY OF ILLINOIS PRESS
State Scientific Surveys and Other Divisions at Urbana
STATE GEOLOGICAL SURVEY STATE DIAGNOSTIC LABORATORY (for
STATE NATURAL HISTORY SURVEY Animal Pathology)
STATE WATER SURVEY U. S. SOYBEAN PRODUCTS LABORATORY
For general catalog of the University, special circulars, and other information, address
THE REGISTRAR, UNIVERSITY OF ILLINOIS
URBANA, ILLINOIS
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